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It is well established that many of the enzymes in plants require metal ions for activity. An examination of the effect of variable levels of mineral ions in culture media on enzyme activities of tissues offers possibilities of explaining the roles and interactions of metals in metabolism. Brown and Steinberg (2) have reported that leaves from tobacco plants grown in Fedeficient media were low in peroxidase activity and that leaves from Cu-deficient plants were characteristically low in ascorbic acid oxidase activity. Another example of reduced activity of a metalloenzyme caused by a metal deficiency is the observation of Nicholas, Nason (10) using casein as the standard. The average protein content of leaf extracts was 6 mg per ml and that of roots 2 mg per ml.
It was necessary to determine whether or not the results of the "malic" enzyme assays were influenced by differences in lactic dehydrogenase activities of tissues. Reduced triphosphopyridine nucleotide (TPNH) for this assay was prepared bv a reaction mixture containing the following materials expressed as micromoles: 600 TRIS buffer at pH 7.4, 100 M1gCl2, 7 glucose-6-phosphate, 5 TPN+. The reaction was started by the addition of a solution containing 4 mg of crude glucose-6-phosphate dehydrogenase (Sigma Chemical Company, St. Louis) and the final volume adjusted to 6 ml with water. After cessation of reaction as de-(letermined by maximum optical density at 340 mt, the mixture was adjusted to a pH of 9.3, boiled for 3 minutes, and centrifuged. The assay mixture for the determination of lactic dehydrogenase contained the following materials expressed as micromoles: 300 TRIS buffer at pH 7.4, 10 pyruy-ate at pH 7. 4, 6 MnSO4, 0.025 TPNH. The reaction in a final volume of 3 ml was started by the addition of 0. ceivingf excessive 'Mn reduced or nearly prevented the appearance of abnormal increases of isocitric dehydrogenase in roots and leaves and "'malic" enzyme in leaves. In an effort to better understand the in vivo interaction of Mn versus Fe and Al an in vitro experiment was designed to study the possible inhibitory action of certain metals including Fe and Al on these enzymes. It has been reported that 5 x 1-5 M Cu++ inhibited by 50 % 'the isocitric dehydrogenase from pig heart (9) .
A concentration of 2 x 10-M Al... or Fe... added to the standard assay inhibited isocitric dehydrogenase 36 and 48 %, respectively, whereas 6.7 x 1OA4M Cu++ only inhibited it 27 %. A Lineweaver-Burk plot of the inhibition of isocitric dehydrogenase by these metal ions with respect to Mn"' concentration is presented in figure 1 A. The ions tended to exhibit a noncompetitive type of inhibition with respect to Mn++. The inhibition was not 100 % noncompetitive as evidenced by the failure of the lines to intersect at a common point when extrapolated to the abscissa (6) . The Fe and Al ions were also found to exhibit a noncompetitive type of inhibition with respect to isocitrate and TPN+ (data not presented). These metals apparently do not competitively compete with Aln'+, to any great extent, for its reaction site nor do they act by forming less active isocitrate or TPN+ complexes. As shown in figure 1 B the "malic" enzyme also was noncompetitively inhibited by Fe`and Al... but the inhibition was not as strong as that with 
DIsCussIoN
Extracts from either normal or Mn-deficient plants showed little isocitric dehydrogenase or "malic" enzyme activity unless Mn++ was added in the assay. A possible explanation for the low activity without added Mn++ may be associated with the large dilution of extracts during preparation and assay. The soluble material of fresh roots was diluted 120-fold and that of leaves 240-fold in the assay media. Tissues of normal plants presumably contained sufficient Mn++ for enzyme activities in vivo but insufficient amounts to activate these enzymes after dilution in the in vitro assays.
The results indicating a Mn++ requirement for the isocitric dehydrogenase reaction differ from those reported by Ochoa (14) who found that extracts of an acetone powder of pig heart catalyzed a relatively rapid initial oxidation of isocitrate in the absence of Mn++ before an equilibrium was approached. This was interpreted as indicating that Mn++ was not required for the conversion of isocitrate to oxalosuccinate but was required in the decarboxylation of oxalosuccinate to alpha-ketoglutarate and CO2. If the equilibrium of the dehydrogenation reaction is toward oxalosuccinate as reported by Ochoa (14) and as recalculated by Burton and Krebs (3) , one would expect that a! considerable amount of dehydrogenation would take place in the absence of Mn++ before an equilibrium was reached with oxalosuccinate. Since isocitric dehydrogenase of bean extracts was practically inactive without added Mn++ it is possible that Mn++ was required for the dehydrogenation step, as well as the decarboxylation step. Perhaps a more reasonable explanation is that the extracts catalyzed a one-step oxidative decarboxylation of isocitrate and that no free oxalosuccinate was formed. If the latter mechanism is correct then the oxidative decarboxylation of isocitrate is analogous to the "malic" enzyme reaction (15) .
Since extracts of Mn-deficient plants contained as much isocitric dehydrogenase and "malic" enzyme as those of normal plants it appears that Mln deficiency had no specific effect on the synthesis of the protein moieties of these enzymes. Under the condition of Mn toxicity on the other hand large increases of enzyme activities were observed with or without the addition of M\In++ to the assay mixture. Apparently an increased synthesis of both isocitric dehydrogenase and "malic" enzyme was induced by excessive Mn in culture solution.
An increased isocitric dehydrogenase activity of root and leaf tissues and an increased "malic" enzyme activity of leaves was associated with excessive Mn in cutlture solution. The addition of high concentrations of Fe or Al either with the toxic level of Mn or after the a(ldition of excessive Mn resulted in enzyme activities in the same range of magnitude as those of normal tissues. It may be assumed that the high enzyme activity associated with Mn toxicity was evidence of some metabolic unbalance resulting from excesses of this element. Apparently large amounts of Fe or Al applied to MIn-toxic cultures either reduced the synthesis of "malic" and isocitric dehydrogenase or inactivated these enzymes after they were formed. The inhibition experiments indicated that Fe+++ and Al+++ do not compete with M\In++ for the same active sites on the enzyme surfaces but instead inactivate the enzymes by combining with them at some other site.
The antagonism of the increased isocitric dehydrogenase activity of Mn-toxic leaf and root tissues by large amount of Fe in culture solutions complements the well known Fe-Mn relationship on growth (16) . The similar antagonistic effect of these metals on the "malic" enzyme activity of leaves would likewise help explain the Fe-M\n interaction. The effect of excessive 'Mn or Fe on "malic" enzyme in roots was almost completely opposite to the trend observed with this enzyme in leaves. Although these effects of Fe and Mn also were antagonistic, they make the interpretation of the mechanism of action of these metals on enzyme constitution difficult. Metal ions affected the "malic" enzyme activity of leaves in the same way as they affected isocitric dehydrogenase activities of leaves and roots; however, an almost reverse relationship of the metals on "malic" enzyme activity of root extracts was found. The effect of some other metal toxicities and deficiencies on the activities of these enzymes is reported.
With respect to Aln", isocitric dehydrogenase and "malic" enzyme activities were noncompetitively inhibited by low concentrations of Fe"' and Al... and by higher amounts of Cu++. The inhibition was mainly of a noncompetitive nature but showed some tendency to influence the dissociation of the enzymeMn+' complex.
The relationship of metal ion culture level to isocitric dehydrogenase and "malic" enzyme constitution is discussed in connection with the Fe-AMn interaction on growth.
LITERATURE CITED The justification for such a study lies in the fact that only a few papers bearing on the translocation of sulfur have appeared. Rippel (13) states that in various deciduous trees there is no migration of sulfur from regions of storage to new tissues as growth begins in the spring. He classes sulfur with calcium, as a "stabile elemente." Marsh (9) also states that sulfur resembles calcium in that it is not mobilized to any great extent. Little was withdrawn from leaves of the apple prior to leaf fall. Wood and Barrien (22) found that during sulfur starvation protein stilfur decreased and SO4 sulfur increased in grass leaves held in darkness. Sulfate was not translocated to stemns and roots as were the amino acids. Wood (19) concludes that in fully matured plants sulfate is relatively immobile in leaves.
In the work of Thomas et al (16) , using radioactive sulfur, there is presented definite evidence that sulfur is conducted from one region to another as it is needed for growth, being conducted as the sulfate ion. They have also shown (17) 
